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Since the terminology of catalysis was introduced in the 1800s, catalysts have been considered 
the essential materials to facilitate chemical reactions. Predominantly, metal-based catalysis has driven 
various synthetic reactions until now. Although metal-based catalysts are commonplace and have been 
well-studied in the context of a wide variety of transformations, increasing costs, high toxicity, and 
limited resources have warranted the development of alternatives. Among potential candidates, 
carbocatalysts, materials mostly comprising carbon elements, have attracted attention to promoting a 
broad range of transformations. For example, graphene oxide (GO) has been broadly utilized as a 
catalyst for various organic transformations. However, the high oxygen content and large particle size 
prevented further utilization under harsh synthetic conditions (e.g., microwave irradiation or light) 
where unexpected side reactions occurred.  
 
In this dissertation, we introduced asphaltene oxide (AO) as a new class of carbocatalyst for 
various types of organic synthesis and overcame the limitations mentioned above. Asphaltene, as a 
precursor material, often thrown away from petroleum refining processes, was composed of polycyclic 
aromatic hydrocarbons (PAHs). Initially, we hypothesized that AO's finite surface area compared to GO 
might be used in applications inaccessible to other carbocatalyst, such as microwave-assisted reactions. 
Initially, AO was synthesized using a modified Hummers' method, a standard protocol for preparing 
GO from graphite. In the following research, it was found that AO successfully promoted various 
synthetic applications, including etherifications, condensations, C-C cross-couplings, and Fischer 
indole syntheses from the utilization of microwave reactors. 
 
In an effort to expand usage in organic synthesis, we focused on contemporary drawbacks that 
carbocatalysts encountered. Carbocatalysts are commonly known as heterogeneous catalysts. Even if 
carbocatalyst has been well-studied and substituted metal-based catalysts in various organic synthesis, 
these heterogeneous features have inherent limitations such as catalysis deactivation. For this reason, 
we hypothesized that increasing the oxygen content of AO would enhance its solubility in a manner that 
improves catalytic activity when compared to heterogeneous counterparts. Indeed, refluxing asphaltene 
in 60% nitric acid afforded a derivative that exhibited good solubility in both organic solvents and 
aqueous media; as such, hereafter, the material was termed 'soluble AO' (sAO). These solubility features 
made sAO accessible to a relatively in-depth analysis of the structure and molecular weight compared 
to other carbocatalysts. Furthermore, sAO effectively functioned as a catalyst for esterifications, Fischer 
indole condensations, multicomponent reactions, and cationic polymerizations with remarkable 
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1.1 The past and present catalysis 
 
“There is probably no chemical reaction which cannot be influenced catalytically.” 
 
-Wilhelm Ostwald awarded the 1909 Nobel Prize in Chemistry- 
 
 Catalysts, an essential tool for conducting reactions, have been used to produce alcohol from 
sugar by fermentation much earlier1. In 1540, Valerius Cordus used sulfuric acid to promote alcohol 
conversion to ethers, which was first known to use inorganic catalysts2. As such, catalysis has been 
around in human history for a long time while nobody understood the catalysis phenomenon. In 1835, 
the terminology of catalysis was eventually coined by Jöns Jacob Berzelius3. In the 1880s, Wilhelm 
Ostwald4 performed reactions that were catalyzed by acids/bases and established that the reaction rate 
is related to the catalyst’s strength. Besides, he afresh defined that “Catalysts are substances which 
change the velocity of a reaction without modification of the energy factors of the reaction”5. In the 
present day, catalysis is defined as “a substance that increases the rate of a reaction without modifying 
the overall standard Gibbs energy change in the reaction” by IUPAC (see Figure 1.1)6.  
Figure 1.1 Energy diagram for catalyzed and uncatalyzed reactions. 
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  Catalysts could be generally divided into the two classes, homogeneous or heterogeneous, 
depending on the mixture phase with the reactant. As such, the difference of catalyst solubility in the 
reactant caused the pros and cons of heterogeneous and homogeneous systems, respectively. In detail, 
heterogeneous catalysts are solid compounds and occupy a different phase with the reactants. Since a 
heterogeneous catalyst is not miscible with reactants, it is readily separated from a reaction mixture 
straightforwardly using filtration and facilitates recycling in other reaction batches. These advantages 
have fulfilled financial requirements in the industrial manufacturing process. However, the most critical 
limitation for the heterogeneous catalyst is the catalytic activities come from the surface of the material7. 
Once the reactant molecules completely occupied the catalysts' surface, the further reaction did not 
make progress until the product was detached from the surface. In this process, the catalyst underwent 
deactivation, which is the loss over catalytic activity and selectivity. Furthermore, the heterogeneous 
catalyst mechanism was often an unknown process due to the involuntary side reactions on the surface 
and the limitation of characterization methods.  
 
 However, a homogeneous catalyst was mixed with the reactant in the same phase into the 
reaction. In other words, each of the catalyst molecules is participated in chemical reactions and 
accomplished a high degree of interaction with reactant molecules. As such, homogeneous catalysts 
mostly show higher catalytic activities than heterogeneous catalysts. Moreover, these catalysts' active 
sites and reaction mechanisms were usually well-defined because of more direct analysis techniques 
such as liquid-state nuclear magnetic resonance (NMR), gas chromatography-mass spectrometry (GC-
MS), and single-crystal X-ray diffraction. The homogeneous catalyst was also prone to modification 
using different ligands and additives to improve the catalytic activity8. Despite these advantages, the 
separation of the catalyst from the reaction mixture is a generally complicated and expensive process. 
By extension, the homogeneous catalysts are often irrecoverable and hard to recycle after the reaction9. 
 
 According to the Nobel foundation’s statistics, the chemical and enzymatic catalysis fields 
achieved about 14% of the Nobel Prizes in chemistry between 1901 and 2012. Most of all, transition 
metal-based catalysts10-14 drove the development and advancement of catalysis chemistry. To introduce 
some cases in the Nobel award related to catalysis, Paul Sabatier excogitated the reduction of carbon 
dioxide using hydrogen in the presence of Nickel as the catalyst at high temperature and pressure. He 
had been recognized and won the Nobel Prize in chemistry in 191215, 16. After half a century, Karl Ziegler 
discovered the titanium-based catalyst, a combination of TiCl4 and Al(C2H5)2Cl, and Giulio Natta 
successfully prepared the stereoregular poly(propylene) using the modified titanium catalyst17. The 
Ziegler-Natta catalysts have been used to polymerize terminal alkenes (e.g., polyethylene, 
polypropylene, and polybutadiene) and vigorously utilized in commercial plastics and rubber 
14 
 
manufacturing18. Both Karl Ziegler and Giulio Natta were recognized and awarded the Nobel Prize in 
Chemistry in 1963. The 2005 Nobel Prize was awarded to Yves Chauvin19, Robert H. Grubbs20-22, and 
Richard R. Schrock23-25 for discovering useful molecular rearrangement known as metathesis. In this 
metathesis, transition metal catalysts (Grubbs catalysts and Schrock catalysts are based on ruthenium 
and molybdenum, respectively; see Figure 1.2) promote breaking double bonds and re-make between 
carbon atoms in ways that cause atom groups to change places. Similarly, various transition metal-
catalyzed carbon-carbon bond formations were investigated to synthesize the complex organic 
molecules12, 26. Typically, Richard F. Heck27, 28, Ei-ichi Negishi29, and Akira Suzuki30 discovered the 
palladium-catalyzed cross couplings in organic synthesis and awarded the Nobel Prize in 2010. 
Transition metal-based catalysts have been regarded as the most dependable and essential materials in 
the whole catalysis history. 
  
 
Figure 1.2 Representative transition metal catalysts awarded in Nobel Prize. (a) Ziegler-Natta 
catalyst. (b) 1st generation Grubbs catalyst. (c) Schrock catalyst. 
 
 Even though transition metal-based catalysts had made remarkable progress in organic, 
inorganic, and biomolecular synthesis, inherent limitations of metal and ligand resources have still been 
considered in catalyst fields. Firstly, various transition metals and ligands are commonly expensive due 
to the scarcity of resources. Therefore, the utilization of transition metal-based catalysts is not 
economically suited for large-scale reactions in the industrial process. Secondly, transition metals are 
generally toxic, and as a result, serious problems in the field of electronic devices and pharmaceuticals 
have been caused by the residue of metals from products31, 32. Finally, transition metals are often 
sensitive under moisture and oxygen atmosphere. Due to the undesirable sensitivity, transition metal-
catalyzed synthesis has been required for unique environments, complex instruments, and techniques. 
Based upon these intrinsic drawbacks, alternative materials such as organocatalysts and carbocatalysts 






Carbocatalysts are defined as the primary carbon-composed materials used for the various 
organic or inorganic synthetic transformation as a catalyst. Due to its benefits, such as abundant 
resources in nature, economical and environment-friendly, carbocatalysts have been considered 
alternative candidates instead of transition metal-based catalysts. Historically, charcoal has been utilized 
in the oxidation process as carbocatalyst. In the 1920s, Rideal and Wright demonstrated that oxalic acid 
was oxidized to afford carbon dioxide and water under oxygen absorbed charcoal34. The oxidation was 
conducted in the absence of charcoal to demonstrate the catalytic ability, but the reactions did not 
facilitate. Also, oxygen absorbed charcoal promoted the oxidative dehydrogenation that converted 
ethylbenzene to styrene. In another example of carbocatalyst, Ritter and coworkers investigated that 4-
chlorophenol was oxidatively decomposed in the presence of graphite and hydrogen peroxide to yield 
hydrochloric acid, water, and carbon dioxide35. While graphite showed the lower catalytic activity than 
iron powder/ions, the process may be described that the graphite acted similar to the iron ion in the 
Fenton reaction36. Furthermore, other carbon isotope structures such as carbon nanotubes (CNTs) and 
fullerene (C60) participated as carbocatalyst for synthetic transformations. Surface functionalized CNTs 
was effectively catalyzed the oxidative dehydrogenation of n-butanes to butenes37. C60 has demonstrated 




Figure 1.3 Representative pictures or structures of typical carbocatalysts, including charcoal, 
buckminsterfullerene (C60), carbon nanotubes (CNTs), and graphene oxide (GO). 
 
Even though the aforementioned carbon-based materials have successfully performed varied 
synthetic reactions, most of them showed unsatisfied catalytic activity than transition metal catalysts. 
In 2010, Bielawski and coworker reported that graphene oxide (GO) effectively facilitated selective 
oxidations, a broad range of alcohols to their aldehyde and ketone, and hydration alkynes to their 
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corresponding methyl ketones39. Since GO was discovered as carbocatalyst, chemists have focused on 
seeking the utilization of GO in place of transition metal-based catalysts. As a result, GO has been 
afforded to promote various organic transformations such as oxidation40-42, reduction reactions43, C-C 
cross couplings44-46, polymerizations47, and many others48, 49. For example, nitroarene derivatives 
underwent a reduction pathway and converted to the corresponding aminoarene products in the presence 
of GO50. Furthermore, GO was enabled to selectively hydrogenate nitro substrates, which possessed the 
reducible functional groups such as alkenes or alkynes. Besides, GO was found to facilitate 
polymerizations with different monomers (e.g., benzyl alcohol and vinyl) through dehydration or 
cationic pathway affording to GO mediated polymers, enhanced mechanical or electrical properties51, 
52. As such, GO has been tremendously and extensively developed in the carbocatalyst field and the 
material field.  
 
 
Figure 1.4 Graphene oxide (GO) catalyzed selective oxidation of benzyl alcohol to benzaldehyde. 
 
1.3 What is asphaltene? 
 
Asphaltene is classified as insoluble, the heaviest aromatic hydrocarbons, and polar 
components in crude oil53. Also, asphaltene has a complex colloidal structure and is easily agglomerated 
in solution. The terminology of "Asphaltene" was coined by French chemist Boussingault in 183754, 55. 
Even though the definition of asphaltene has been tried to unify for a long time, it has not been precisely 
defined by physical and chemical ways due to the complicated molecule mixture, uncertain molecular 
weight, and structure. Therefore, asphaltene is operationally defined by its solubility features, soluble 
in toluene and insoluble in n-hexane and n-heptane56.  
 
The aggregated asphaltene caused troubles in the oil refining process and transportation for a 
long time. In detail, asphaltene provoked that (ⅰ) excessive coke was produced in the process of 
pyrolysis, catalytic and hydrogenation classification (ⅱ) catalyst efficiency was reduced due to low 
reactivity of asphaltene (ⅲ) catalysts was rapidly deactivated by the accumulation of coke (ⅳ) fouling 
was formed on the wall of the pipeline during the transport of crude oil. Subsequently, asphaltene is 
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directly related to critical points of economic issues in the oil refining industry due to the reasons 
mentioned earlier. That is why asphaltene has been focused on studying the ways of purification from 
crude oils and also the more in-depth analysis to investigate the molecular weight and structure. 
 
As mentioned above, since - interactions between aromatic benzene rings of asphaltene 
were dominated, resulting in the formation of the agglomerated macromolecules, the molecular 
structure of asphaltene is challenging to define. In 1967, Yen and coworkers first suggested a model 
explain the structure of asphaltenes, known as Yen model57. The model was proposed that asphaltene 
was composed of different chemical moieties, such as polycyclic aromatic hydrocarbons (PAHs), 
connected to a different length of alkyl chains. Furthermore, the Yen model was recently developed to 
the Yen-Mullins model (see Figure 1.5), specified the structure of asphaltenes from the molecular level 
to aggregated cluster level58. In 2015, individual molecular architectures of asphaltene were finally 
clarified by Gross groups using atomic-resolution low-temperature atomic force microscopy (AFM) 
and scanning tunneling microscopy (STM)59. This microscopy study directly demonstrated the 
previously proposed model structure of asphaltenes composed to the diverse size of PAHs mixture with 
heteroatoms (e.g., nitrogen and sulfur) and diverse length of alkyl chains. Even though mass spectrum 
(MS) applied of asphaltene had limitations such as fragmentation, gas-phase aggregation, and the 
inability to volatilize the heaviest asphaltene fraction, molecular weight analysis of asphaltene was 
previously carried out and resulted in obtaining range from 400 Da to 10000 Da60, 61. Since then, by 
applying the time-resolved fluorescence depolarization (TRFD) method, the molecular weight of 




Figure 1.5 Yen-Mullins model. The representative single molecular architecture of asphaltenes was 
shown polycyclic aromatic hydrocarbons (PAHs) with alkyl chains (left image). PAHs molecules 
formed nanoaggregates with about 2 nm (center image). Nanoaggregates formed clusters with about 5 
nm (right image). 
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According to previous reports, oxidation for asphaltene has traditionally been 
precipitation/separation methods from crude oil. In 1971, asphaltene was directly heated to reflux in 
nitric acid to obtain water-soluble asphaltene67. Furthermore, partially oxidized asphaltene treated by 
KMnO4 has been shown to facilitate its precipitate from crude oil68. Ozonized asphaltene, which 
enhanced hydrophilic properties, facilitated the more robust interaction with other asphaltene69. As a 
result, asphaltene has induced the aggregation of each other and reduced viscosity in bitumen. As such, 
oxidized asphaltene with different methods has been studied to resolve the economic issues in the oil 
refinery industry. 
 
1.4 Contents of the Dissertation 
 
In chapter 2 of this dissertation, synthesizing a novel class of carbocatalyst using asphaltene 
and giving scope to catalysis ability for diverse synthetic transformation will be described. Asphaltene 
was oxidized using a modified Hummers' method, a general preparation method for GO. The structure 
of asphaltene oxide (AO) was analyzed by Fourier-transform infrared spectroscopy (FT-IR), x-ray 
photoelectron spectroscopy (XPS), and elemental analysis. Further analysis for a deeper understanding 
of the functional groups on AO was performed using different chemical tests, targeting either the 
inhabited epoxide, carboxylic acid, and hydroxy groups. To unveil the application of AO for synthetic 
reaction, we adopted the oxidation of alcohol, the benchmark transformation for carbocatalyst. However, 
AO facilitated not an oxidation pathway but a condensation route on account of the acidic properties of 
AO. Furthermore, Claisen-Schmidt-type condensation and C-C cross-coupling reactions were also 
accomplished with the aid of AO. Based on these experiment results, we analyzed the origins of AO's 
catalyst activity compared to the results obtained from analogous experiments using GO. Finally, AO 
was successfully utilized in a microwave-assisted synthesis that has hitherto impossible with other 
reported oxidized carbons because of its comparatively small particle size and unique composition. 
 
 In chapter 3 of this dissertation, further studies on AO by enhancing the degree of oxidation 
will be introduced. A homogeneous catalyst system is commonly more activated than a heterogeneous 
catalyst. A new oxidation method to prepare soluble asphaltene oxide (sAO) was successfully achieved 
using more strong acid reagent. Compared to AO, the most significant difference feature of sAO is 
soluble in organic solvents (e.g., methanol, ethanol, THF, DMSO, DMF, and acetone) and even water. 
Furthermore, due to the solubility of sAO, the material afforded to conduct in-depth characterization 
using matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF), NMR, AFM, and mass 
spectrum. By taking these advantages of sAO, various synthetic transformations such as esterifications, 
the Fischer indole condensations, multicomponent reactions, and cationic polymerizations were 
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successfully performed with high reactivity. Further application of sAO offered microwave-assisted 
reaction as well as aqueous media eco-friendly synthesis. This approach expands the realization of 






































The rapidly developing field of carbocatalysis70, which is defined as chemical reactions 
conducted by carbon-based materials, provides interesting peculiarities. For instance, compared to a 
metal-based catalyst, carbocatalysts are generally economical, environmentally friendly, demand a 
relatively comfortable workup process because of their heterogeneous system, and display less toxicity 
without reactivity loss. Historically, various carbon isotopes such as charcoal71, carbon nanotubes 
(CNTs)37, and buckminsterfullerene (C60)38 had been selected and utilized in broad transformations. 
Furthermore, the field of carbocatalysis burgeoned after it was revealed that the high chemical potential 
of the graphene oxide (GO) could be used to promote synthetic transformation. Indeed, GO has been 
afforded to facilitate oxidations39, C-C cross-couplings72-74, condensations75, reduction43, and many 
types of organic synthesis76, 77. The broad reactivity of GO is caused by the multitude of different 
oxygen-containing functional groups and relatively high acidity (pH measured to be a 3.0 at 1.0 mg/mL 
in water)78. 
 
 Despite these advantages, GO and other carbocatalysts have trouble with fundamental and 
practical shortcomings. The catalytic activities are mysterious in origin(s) because GO is a berthollide 
and characteristics such as unknown basal structure and edge part, numerous oxygen functional groups, 
and an uncertain size of surface areas that depend on the degree of oxidation and exfoliation. Besides, 
GO has been discovered not to tolerate the high temperature, light, or microwaves and was rapidly 
decomposed because of its comparatively high oxygen content (the C/O ratio of GO is typically ~2)79. 
 
 We hypothesized that discovering novel carbocatalyst precursors originated from asphaltene 
might be a solution for the drawbacks described above. Asphaltenes are residual molecules found from 
crude oil along with the heavier, aromatic, and saturated hydrocarbon62. Because of enhanced fuel 
quality, transportation costs, and increased production efficiency, the study of asphaltene directly 
focused on extraction and removal methods during oil refining processes63. Since asphaltene is 
composed of a mixture of various sizes of polycyclic aromatic hydrocarbons (PAHs), it is generally 
defined in terms of not its chemical form but its solubility (soluble in toluene and insoluble in hexane)68. 
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However, the mixture structures of asphaltene were first-ever unveiled by Gross team using atomic 
force microscopy (AFM), and asphaltene was demonstrated to be mixtures of PAHs59. Since the 
aromatic based structures that were verified are comparable to two-dimensional carbons, asphaltene 
was labeled 'nanographene' and thus enabled to be used as a substitute for a small molecular model of 
graphite or graphene. 
 
 
Figure 2.1 Oxidation of asphaltene using Hummers’ method affords asphaltene oxide (AO). 
 
 Oxidizing asphaltene reported formerly was found to facilitate separation from crude oil68 or 
reduce the viscosity of bitumen69. In detail, oxidizing asphaltene treated by potassium permanganate68 
or ozone69 brought out enhanced hydrophilicity and enabled to precipitate from crude oil. We assumed 
that such asphaltene oxide (AO) might operate as a suitable catalyst owing to the inexpensive cost of 
the precursor while providing performance in the catalysis chemistry exhibited by GO and other 
carbocatalysts80. Furthermore, AO may investigate the logical mechanism and catalytically-active sites 
on other oxidized carbons and advance the development of the carbocatalysis field. Herein we provide 
the synthesis procedure for AO and explain the application of this material in diverse transformations. 
Moreover, we describe the novel perspective to the origins of the catalytic activities displayed by GO 







2.2 Result and Discussion 
 
Initially, asphaltene was washed with n-heptane to eliminate the residual oil impurities and 
then directly synthesize AO using modified Hummers' method81. Briefly, asphaltene was oxidized by 
potassium permanganate in sulfuric acid at 35 ℃ for 3h, and the resulting particles were washed with 
an aqueous solution of HCl (1.0 M) to eliminate heavy metal impurities like vanadium and nickel and 
so on82. The FT-IR spectrum recorded for the product to prove oxidation of asphaltene revealed strong 
IR absorption bands that were assigned to hydroxyl (O-H = 3400 cm-1), carbonyl (C=O = 1700 cm-1), 
and epoxide (C-O = 1220 and 1160 cm-1) stretching frequencies (see Figure 2.2.a). Furthermore, AO 
featured a relatively high oxygen content (13.1 wt%; c.f., a ~1.4 wt% oxygen content was determined 
for the starting material), based on elemental analysis results (see Table C.2.1). Also, X-ray 
photoelectron spectroscopy (XPS) survey spectra supported that not only the oxygen content of AO was 
significantly higher than that of the starting material, but the aforementioned structural assignments 
were observed (see Figure 2.2.b-c).  
Figure 2.2 Summary of characterization data. (a) FT-IR spectra were recorded for asphaltene (black 
line), AO (red line), and GO (blue line). (b) XPS survey spectra recorded for asphaltene (c) XPS survey 
spectra recorded for AO (indicated). 
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Figure 2.3 Chemical tests used to quantify the functional groups displayed on GO and AO. The 
starting material shown in the center represents a truncated form of GO or AO and features pendant 
carboxylic acid, hydroxy, and epoxide groups. By using the reagents shown, the carboxylic acid groups 
were converted to esters, the hydroxyl groups were converted to carbamates, and epoxide groups were 
ring-opened. In all cases, the corresponding products feature nitrile groups (CN) that could be quantified 
using IR spectroscopy and elemental analyses. 
 
 As shown in Figure 2.3, a series of chemical tests were devised to quantify the oxygen-based 
functional groups present on AO and reveal the structure of the material. The reagents, contained nitrile 
group, were utilized to preferentially react with either the existent carboxylic acid, hydroxy, or epoxide 
groups, and nitrile feature conducted to facilitate characterization using FT-IR spectroscopy and 
elemental analysis. First, AO was reacted with 3-cyanobenzyl alcohol under Steglich esterification 
condition and afforded the corresponding ester derivative83. FT-IR spectroscopy recorded for the ester 
derivative appeared a new signal assigned to a nitrile group (C≡N = 2225 cm-1) and showed a 
bathochromic shift of the carbonyl stretching frequency (C=O, from 1700 cm-1 to 1650 cm-1). Next, 
introducing AO to 3-cyanophenyl isocyanate resulted in an attenuated hydroxyl stretching frequency 
(O-H = 3400 cm-1) and the appearance of strong signals that were assigned to nitrile (C≡N = 2225 cm-
1), amido (N-H = 3070 cm-1), and carbamyl (C=O = 1550 cm-1) groups. Finally, using f previously 
reported by Swager to form C-C bonds via the ring-opening of the epoxide groups on GO84, AO was 
treated with malononitrile under basic conditions. The intensity of the epoxide groups (C-O = 1220 cm-
1) measured in the AO starting material decreased, and the formation of a new nitrile frequency (C≡N = 
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2180 cm-1) was observed. Elemental analysis data recorded for not only modified AOs of the reactions 
as mentioned above but also modified GOs enabled quantification of the resident functional groups 
using the respective nitrogen contents. The corresponding functional groups resulted in carboxylic acid 
(2.3  10-3 mol/g; c.f. 3.6  10-4 mol/g for GO), hydroxy (1.4  10-3 mol/g; c.f. 1.1  10-4 mol/g for GO) 
and epoxide (5.4  10-4 mol/g; c.f. 1.2  10-3 mol/g for GO). The differences in constituent functional 
groups measured for AO and GO were attributed to the former's relatively small size and effectively 
explained why differential reactivities were observed (vide infra). Furthermore, the pH of a suspension 
of AO in water ([AO]0 = 1.0 mg/mL) was measured to be 3.5; for comparison, a GO suspension was 
3.0 under identical conditions, and these data supported the hypothesis as mentioned above85. 
 
Table 2.1 Summary of functional group quantification data obtained for AO and GO[a] 
Functional Group AO (mol/g) GO (mol/g) 
carboxylic acid > 2.3  10-3 > 3.6  10-4 
hydroxy > 1.4  10-3 > 1.1  10-4 
epoxide > 5.4  10-4 > 1.2  10-3 
[a] The calculations were based on the elemental analysis data (see Table C.2.2 and Table C.2.3) 
 
 Since the of aldehydes/carboxyl (oxidation) or ether (condensation) with their corresponding 
alcohols is regarded as benchmark transformation for carbocatalysts39, our initial efforts were directed 
toward exploring the chemistry of alcohol with AO. As summarized in Table 2.2, reactions with benzyl 
alcohol were optimized with various AO loading (5-20 wt%) and predetermined temperature (100-
150 ℃) under neat conditions. To our surprise, AO was found to be a preferential catalyst for 
condensations instead of oxidations. The corresponding ether product was successfully obtained in 
yields of up to 82% from benzyl alcohol using 10 wt% loading of AO at 150 ℃ for 3h. Furthermore, 
AO facilitated to convert a series of alcohols, featured different functional groups, to the expected ethers 
(see Table A.2.2). Electron-rich functionalized alcohols generally afforded the product with higher 
conversions than electron-poor substrates. To sum up, based on a consistent experiment result with an 
acid-catalyzed process, the etherification synthesis was prominently affected by AO's unique structure 
and composition. In accordance with results reported for GO51, benzyl alcohol or methoxy group 
functionalized derivatives was polymerized with the aid of AO at 200 ℃ and afforded the corresponding 
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poly(phenylene methylene)s in good yields (see Table A.2.4) and showed the potential of the carbon-
based material as a useful polymerization catalyst. 
 
 As part of an effort to identify the AO's catalytically active sites, a series of control experiments 
were performed. Based on the results mentioned above, the hypothesis is an acidic feature of the catalyst 
promoted that condensation chemistry. Condensation was conducted with AO in the presence of an 
excess base (i.e., pyridine) to confirm the hypothesis77, 86. As a result, the ether product was not observed 
under these conditions. Presumably, pyridine made neutralization of the acidic parts in AO and 
suppressed the reaction. This result has supported the hypothesis that the catalytically active sites came 
from acidic. Since sulfur elemental on AO was detected by elemental analysis, sulfonic acid groups 
might be existing on the surface and serve the catalytic ability. To identify this assumption, 
benzenesulfonic acid (pH is 2.3 at 1.0 mg/mL in water), a truncated model for sulfonic acid groups on 
AO, was introduced to benzyl alcohol under optimized etherification conditions. As a result, the product 
was formed, not the benzyl ether, but a polymeric material, and it revealed that sulfonic acids did not 
affect the catalytic activity. Another control experiment performed with mellitic acid, called ‘graphitic 
acid’ (pH 2.4 at 1.0 mg mL-1 in water) due to a relatively large C/O ratio (1:1), also did not afford benzyl 
ether as a product. In accord with atomic absorption spectrometry (AAS) and inductively coupled 
plasma optical emission spectrometry (ICP-OES) data, AO contained vanadium (ca. 50 ppm) and nickel 
(ca. 30-200 ppm). However, it was verified that the residue metals impurities on AO did not influence 
the catalytic activity by performing the etherification with asphaltene, which also contained vanadium 




























AO 5 100 10 0 
AO 5 120 41 0 
AO 5 150 61 6 
AO 10 100 17 0 
AO 10 120 60 0 
AO 10 150 82 9 
AO 20 100 24 0 
AO 20 120 68 0 
AO 20 150 73 7 
-- -- 150 0 <10 
Asphaltene 20 150 0 0 
Mellitic acid 20 150 0 0 
AO + Pyridine[c] 10 150 0 0 
PhSO3H 10 150 0 0 
[a] Unless otherwise noted, all reactions were performed with benzyl alcohol using the indicated 
catalyst loading and temperature for 3 h (see Table A.2.1 for reaction time optimization). [b] Conversion 
of benzyl alcohol to benzyl ether or benzaldehyde was calculated by 1H NMR spectroscopy against an 








Table 2.3 A summary of various AO-catalyzed condensations used to prepare chalcones 
  




























[a] Aldol condensations were performed neat condition in 1:1 stoichiometry (0.5 mmol each) of ketone : 
aldehyde using 50.0 mg of AO at 80 ℃ for 16 h. [b] Hydration-aldol condensations were performed 
neat condition in 1:1 stoichiometry (0.5 mmol each) of alkyne : aldehyde using 50.0 mg of AO at 100 ℃ 
for 16 h. [c] All products were purified using column chromatography. 
 
When the etherification reaction with benzyl alcohol was finished, the catalyst was collected 
by filtration and then re-used to assess AO's recyclability after the synthetic transformation. AO was 
quickly recovered in up to 95% yields because of its insolubility in organic solvents. Even though the 
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C/O ratio of the recovered AO lower than that, the measured for the original material (14:1 vs. 7:1, 
respectively; see Table C.2.4), FT-IR signals corresponding to hydroxyl and carbonyl stretching 
frequencies were maintained (see Figure B.2.3). The recovered catalyst was successfully utilized over 
multiple cycles for etherification with minimal loss in catalytic activity. (see Table A.2.3). In detail, 
benzyl alcohol was converted to benzyl ether in a yield of 80% after the first cycle and subjecting the 
catalyst to five (5) successive reactions was afforded the ether product with a 70% yield (conditions per 
cycle: 10 wt% catalyst loading, 150 ℃, and 3h). 
 
 Next, efforts were directed toward another type of acid-catalyzed condensation75 using AO. 
Claisen-Schmidt type reactions are typical acid-catalyzed condensation and produce chalcones, which 
are invaluable material based on many pharmaceutical agents87. As summarized in Table 2.3, The 
expected chalcone derivatives were obtained by various benzaldehydes and acetophenones, containing 
electron-donating or -withdrawing functional groups in good yields (up to 78%; see Table 2.3, entries 
1-5). Considering that the Claisen-Schmidt-type reaction mechanism involves dehydration, multiple 
transformations in tandem are possible with the catalytic ability of AO. To test this hypothesis, 
phenylacetylene was introduced in 200 wt% loading of AO at 100 ℃ for 24 h and successfully 
converted to acetophenone in a yield of 86% (see Table A.2.5). Based on these results, we hypothesized 
that terminal alkynes enable to couple with aldehydes. We also reasoned that the water formed upon 
condensation promoted the hydration of the terminal alkynes in situ, and the resulting ketones may be 
subjected to further condensation reactions. To check our hypothesis, phenylacetylene and various 
benzaldehydes derivatives with electron-donating or withdrawing groups were reacted in the presence 
of AO. As a result, the expected chalcone products were obtained from the substrates above through 
tandem-hydration-aldol condensation in isolated yields over the two steps (up to 48%; see Table 2.3, 
entries 6-8). 
  
C-C bond formations chemistry has been interesting topics in the synthesis of a pharmaceutical 
agent, medicinal and fine chemicals, and historically evolved with the support of transition metal 
catalysts, such as those based on nickel, palladium, and copper88. However, acidic carbocatalyst, 
including GO, have also been considered for C-C cross-coupling reactions72-74 with specific substrates 
because metal-based catalysts have several drawbacks. For instance, xanthene is inclined to oxidation 
in the ambient atmosphere, and the oxidized substrates are possible to transform a xanthenyl cation via 
GO-catalyzed dehydration. Consequently, xanthenyl cation is prone to nucleophilic attack89. 
Considering that the C-C cross-coupling reaction mechanism, AO was also proved a significant catalyst 
for coupling xanthene to veratrole. As summarized in Table 2.4, xanthene and veratrole, introducing 
AO and co-catalyst (tosylic acid monohydrate; TsOH·H2O) were performed C-C cross-coupling 
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reaction, and the resulting product (9-(3,4-dimethoxyphenyl)-9H-xanthene) was obtained to 
competitive yield with these reported for GO under same conditions. Furthermore, a tolerable yield of 
the coupled products was also acquired without added co-catalysts. 
 




( 10-2 mmol) 
Catalyst Reaction Time (h) Yield[b] (%) 
1 1.0 AO 24 63 
2 1.0 GO 24 66 
3 1.0 AO 30 76 
4[c] - AO 24 40 
5[c] - GO 24 45 
6[c] - Asphaltene 24 0 
[a] Unless otherwise noted, all reactions were performed with xanthene (0.5 mmol), veratrole (1.0 
mmol), 20.0 mg of catalyst, and TsOH·H2O (1.0  10-2 mmol) as a co-catalyst at 100 ℃ for 24 h. [b] 
Isolated yields after purification using column chromatography. [c] Reaction was performed without a 
co-catalyst. 
 
 To discover the origins of catalytic activity for AO90, we considered the effects of catalyst 
loading, particle size, and elemental composition compared to the results obtained from analogous 
experiments using GO81. The cross-coupling chemistry describes above is appropriate as the basis for 
the analysis because AO and GO functioned similarly. As we mentioned above in table 2.4 (entries 1-
2 and 4-5), catalyst loading was not a key determinant of reaction performance. Next, the particle sizes 
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of AO and GO were measured to be 40 nm and 1400 nm, respectively, using dynamic light scattering 
(DLS). Even though the particle size of AO was 35 times smaller than GO, similar yields of the same 
cross-coupled products were obtained using identical quantities of AO or GO (63% vs. 66%, 
respectively)72. Based on these results, we determined that the particle size did not also affect the 
catalytic activity. However, the elemental composition was shown an optimistic correlation with the 
catalytic activity. Even though the C/O ratios of AO and GO were measured to be 6.7 and 1.5 using 
elemental analysis, respectively, the former observed a higher yield of product (63% vs. 27%) when the 
catalysts, normalized to their respective oxygen contents, were performed the cross-coupling reactions 
(see Table A.2.6). A similar tendency was shown when the reactions were performed in the absence of 
a co-catalyst (16% vs. 40%). To sum up these experiments, we concluded that the performances shown 
by these catalysts were not defined only by their absolute oxygen content but also contributed to the 
relatively high C/O ratio of the improved activity shown by AO. 
 
 Although GO has been a direct and effective strategy, the substitution for metal-based catalyst, 
its utility still has limitations under harsh reaction conditions. For instance, it is generally known that 
GO goes through a rapid reduction process when elevated temperatures and microwave irradiation91, 92 
exposed to the material, and it has been reported GO is possible to explode under a closed reaction 
system93. This phenomenon is why gaseous byproducts, including CO2, CO, and H2O, were provoked 
an explosion during reduction. Indeed, notwithstanding the commercialization of microwave-assisted 
chemistry94, the development of carbocatalysts utilization has been prevented by safety issues. Since 
AO is a truncated GO model with lower oxygen contents and a smaller particle size62, we supposed that 
AO might be more suitable and safer for a microwave reactor. To clarify the supposition, GO and AO 
was subjected to microwave at 150 ℃ for 15 min. As a result, GO exploded in the microwave vessel, 




Figure 2.4 Photographs of GO taken (a) before and (b) after being subjected to microwaves at 150 ℃ 
for 15 min. Photographs of AO taken (c) before and (d) after being subjected to microwaves at 150 ℃ 
for 15 min. 
 
 When benzyl alcohol was radiated under AO as a catalyst in a microwave, the conversion of 
benzyl alcohol to benzyl ether increases and reaction time was reduced compared to an analogous 
thermal reaction. In detail, benzyl alcohol was converted to benzyl ether in yields of up to 90% within 
15 min in a microwave (see Table A.2.7); for comparison, 3 hours reaction time was required under 
thermal conditions. Furthermore, microwave irradiation is also possible to expansion of the scope of 
etherifications such as electron-deficient substrates. For instance, 4- methoxy benzyl alcohol, which 
was not converted to the expected ether under an analogous thermal reaction, successfully afforded the 
products in high yields (80%) under microwave conditions (see Table A.2.8). However, the oxygen 
weight percentage of AO also decreased after used in a microwave reaction (c.f., 13.1% in the starting 
material to 9.3% in the recovered catalyst), and it means that the catalyst also undergoes reduction upon 
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microwave irradiation95. Regardless, the recovered AO was successfully and repeatedly promoted 
microwave-assisted etherification over multiple cycles (see Table A.2.9) to retain catalyst activity. For 
comparison, benzyl alcohol introduced GO under similar conditions was converted to benzyl ether and 
benzaldehyde in 53% and 6%. Also, GO went through extensive reduction on the surface (oxygen 
contents decrease from 42.5 to 9.3 wt%), and the explosion of the mixture was observed. 
 
 To additional examine the potential of carbocatalysis in a microwave, the Fischer indole 
synthesis, the condensation of a substituted phenylhydrazine and a carbonyl compound under acidic 
conditions, was selected96. The expected products, called for indole, have been employed in 
biologically-active heterocycles. As shown in Figure 2.5, AO successfully facilitated phenylhydrazine 
and cyclohexanone condensation to afford the corresponding annulated indole in a 44% isolated yield 
after 1 h at 100 ℃ under microwave conditions. For comparison, it takes 18 hours of reaction time to 
achieve the same product yield in a general thermal reactor at the same temperature. The reaction 




Figure 2.5 A Fischer indole synthesis using AO. Relatively high yields were obtained when the 




In summary, the oxidized form of asphaltene, which is an inexpensive petroleum byproduct, 
was defined and successfully utilized in various synthesis chemistry. Indeed, AO functions 
preferentially as an acid catalyst. As such, AO was demonstrated an effective carbocatalyst for 
condensations, cross-couplings, polymerizations, and other useful synthetic transformations. For 
comparison, other carbocatalysts, including GO, often facilitates an unsuspected reaction pathway and 
thus affords a mixture of products through competing mechanisms (i.e., oxidation vs. dehydration). 
Moreover, AO was successfully used for microwave-assisted reaction, the first example of its kind for 
a carbocatalyst, and AO significantly promoted numerous reactions under such conditions. The results 
described herein (i) substantiate asphaltene oxide and potentially other truncated forms of oxidized 
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carbons as effective catalysts for promoting synthetic transformations and (ii) demonstrate that the 
unique structure and composition of AO overcome of limitations that other oxidized carbons have.  
 
2.4 Experimental Section 
 
Chemicals and Materials 
 
All reagents were purchased from Sigma Aldrich Inc., Alfa-Aesar, Tokyo Chemical Inc., or 
Acros Organics and used as received. Asphaltene (blown asphalt 5-10) was kindly supplied by Korea 
Petroleum. All solvents were supplied by Daejung Chemical unless otherwise noted. 
 
 Unless otherwise noted, all experiments were performed under ambient conditions. All 
microwave reactions were conducted using an Anton Paar GmbH-Monowave 300 microwave reactor. 
 
Separation of asphaltene 
 
 Asphaltene (10.0 g) was dissolved with n-heptane (2.0 L) and then sonicated to help to disperse 
well. The mixture was filtered through a 0.22 m nylon membrane and washed with n-heptane three 
times. The filtered asphaltene particles were collected, dried under vacuum at 80 ℃ for 1 day, and then 
used without additional purification. 
 
Preparation of asphaltene oxide 
 
 Asphaltene (4.0 g), concentrated sulfuric acid (0.1 L), and a stir bar were added in a 500 mL 
jacked reaction flask, which was cooled to 0 ℃ using a chiller. KMnO4 (8.0 g) as an oxidant was 
subsequently slowly added to the flask over 2 h with stirring. The mixture was reacted at 0 ℃ for 15 
min and then at 35 ℃ for an additional 3 h. After the reaction, the flask was cooled to 10 ℃, and 
deionized water (0.8 L) was added extremely slowly to the mixture (CAUTION: this step was found to 
be exothermic!). The mixture was transferred to a beaker, and then a 35% aqueous solution of H2O2 
(12.0 mL) was added to the mixture. The resulting black particles were filtered through a 0.22 mm 
nylon membrane and washed with 1 M HCl (0.8 L) to remove the residue metal impurities. The particles 
were washed with deionized water until the pH of the filtrate became 6~7. The resulting solids were 
collected and dried under reduced pressure at 50 ℃ for 1 day. The final product (3.8 g) was obtained as 




Identification and quantification of carboxylic acid on AO and GO83 
 
A 100 mL Schlenk flask was charged with 50.0 mg of AO or GO, 10.0 mL of CH2Cl2, and a 
stir bar under an N2 atmosphere. The mixture was sonicated in a bath sonicator. After 30 min, 3-
cyanobenzyl alcohol (200.0 mg, 1.5 mmol) and 4-(dimethylamino)pyridine (DMAP; 10.0 mg, 0.1 mmol) 
were added to the flask, and the resulting mixture was cooled to 0 ℃ in an ice bath. A separate flask 
was purged with nitrogen and then charged with N,N’-dicyclohexylcarbodiimide (DCC; 155.0 mg, 0.8 
mmol), and 5.0 mL of CH2Cl2 under a positive flow of N2. The DCC solution was injected dropwise 
into a flask containing AO or GO at 0 ℃. The combined mixture was reacted at 25 ℃ for 24 h. After 
the reaction, the resulting particles were filtered through a 0.22 mm nylon membrane and washed with 
CH2Cl2, deionized water, and acetone. The filtered solids were collected and then dried under reduced 
pressure for 1 day. The final products, which were termed ‘modified AO-1’ (mAO-1) or ‘modified GO-
1’ (mGO-1), respectively, was obtained as a black powder. To confirm the product, it was taken using 
FT-IR as well as elemental analysis. A new nitrile stretching frequency at 2225 cm-1 was observed in 
the FT-IR spectrum recorded for the product, and the carbonyl signal measured in the AO starting 
material (1700 cm-1) shifted to 1650 cm-1. 
 
Identification and quantification of hydroxyl groups on AO and GO 
 
50.0 mg of AO or GO, 10.0 mL of CH2Cl2, and a stir bar were added to a 100 mL round bottom 
flask. The mixture was sonicated in a bath sonicator. After 30 min, sodium acetate (123.0 mg, 1.5 mmol) 
and 3-cyanophenyl isocyanate (216.2 mg, 1.5 mmol) were subsequently added, and the resulting 
mixture was reacted at 25 ℃ for 24 h. After the reaction, the resulting particles were filtered through a 
0.22 mm nylon membrane and washed with CH2Cl2, deionized water, and acetone. The filtered solids 
were collected and then dried under reduced pressure for 1 day. The final products, which were termed 
‘modified AO-2’ (mAO-2) or ‘modified GO-2’ (mGO-2), respectively, was obtained as a black powder. 
To confirm the product, it was taken using FT-IR as well as elemental analysis. The FT-IR spectrum, 
which is recorded for the product, appeared an attenuated hydroxyl stretching frequency (3400 cm-1) as 
well as strong absorptions that were assigned to the nitrile (2225 cm-1), amido (3070 cm-1), and carbamyl 
(1550 cm-1) groups turned out the expected condensation product. 
 
Identification and quantification of epoxide groups on AO and GO84 
 
A 100 mL Schlenk flask was purged with nitrogen and then charged with 40.0 mg of AO or 
GO, 10.0 mL of THF, and a stir bar. The suspension was sonicated for 30 min in a bath sonicator. 
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Sodium hydride (82.0 mg, 3.4 mmol), malononitrile (220.0 mg, 3.3 mmol), and 30.0 mL of THF were 
added to a separate 50 mL flask under an atmosphere of N2. The malononitrile solution was stirred for 
10 min in an ice bath. After cooling both mixtures on an ice bath, the malononitrile solution was added 
dropwise to the AO suspension at 0 ℃. After injection, the mixture was then submerged in an oil bath 
(60 ℃) and stirred for 24 h. After the reaction, the resulting particles were filtered through a 0.22 mm 
nylon membrane and washed with CH2Cl2, deionized water, and acetone. The filtered solids were 
collected and then dried under reduced pressure for 1 day. The final product, which was termed 
‘modified AO-3’ (mAO-3) or ‘modified GO-3’ (mGO-3), respectively, was obtained as a black powder 
and characterized using FT-IR spectroscopy and elemental analysis. The FT-IR spectrum recorded for 
the product revealed a signal assigned to a nitrile group (2180 cm-1). Besides, the intensity of the signal 
assigned to the hydroxyl stretching frequency (3400 cm-1) increased while the signal assigned to the 
epoxide groups (1230 cm-1) disappeared when compared to the spectrum recorded for the AO starting 
material. 
 
General etherification procedure 
 
 A Teflon-capped 8.0 mL vial was charged with 100.0 mg of benzyl alcohol, 5-20 wt% of AO, 
and a stir bar. The vial was sealed under an ambient atmosphere with Teflon tape. The vial was then 
heated to a predetermined temperature (100-150 ℃) for 3-12 h. To monitor the extent of the 
etherification reaction, aliquots were periodically removed and analyzed by NMR spectroscopy (18-
crown-6 was used for the external standard). The conversion was determined by integrating protons 
assigned to the external standard ( 3.69 ppm; s, 24H) versus the benzylic protons of benzyl alcohol ( 
4.70 ppm; s, 2H) and benzyl ether ( 4.57 ppm; s, 4H). The product was not isolated. 
 
General dehydrative polymerization procedure 
 
 A Teflon-capped 8.0 mL vial was charged with 500.0 mg of benzyl alcohol, 50.0 mg of AO 
(10 wt%), and a stir bar. The vial was sealed under an ambient atmosphere with Teflon tape. The vial 
was submerged in an oil bath (200 ℃) and stirred for 24 h. After cooling to ambient temperature, the 
resulting product was filtered to remove the catalyst using CH2Cl2. The filtrate was concentrated and 
added dropwise into excess methanol. The precipitate was collected and dried under reduced pressure 
overnight (66% yield). Spectroscopic data were in accord with literature reports.51 
 




0.5 mmol of acetophenone, 0.5 mmol of aldehyde, and 50.0 mg of AO were added in a Teflon-
lined 8 mL vial. The vial was sealed under an ambient atmosphere with Teflon tape. The vial was 
submerged in an oil bath (80 ℃) and stirred for 16 h. The resulting mixture was cooled to room 
temperature and then filtered to remove the catalyst using CH2Cl2 as the filtrate. The subsequent 
collection of the filtrate followed by evaporation of CH2Cl2 afforded the crude product, which was 
further purified using column chromatography (ethyl acetate : n-hexane, 1:9 v/v as eluent). 
Spectroscopic data were in accord with literature values.97 
 
General hydration-aldol condensation procedure  
 
A Teflon-capped 8.0 mL vial was charged with phenylacetylene (51.1 mg, 0.5 mmol), 0.5 
mmol of aldehydes, 50.0 mg of AO, and a stir bar. The vial was sealed under an ambient atmosphere 
with Teflon tape. The vial was submerged in an oil bath (100 ℃) and stirred for 16 h. After cooling to 
ambient temperature, the resulting mixture was filtered to remove the catalyst with the aid of CH2Cl2. 
The residual solvent of the filtrate was evaporated under reduced pressure, and the crude product was 
purified using column chromatography (silica gel, ethyl acetate : n-hexane, 1:9 v/v as eluent). 
Spectroscopic data were in accord with literature values.97 
 
General C–C cross-coupling procedure  
 
Xanthene (91.1 mg, 0.5 mmol), veratrole (138.2 mg, 1.0 mmol), TsOHH2O (19.0 mg, 1.0  
10-2 mmol), and AO (20.0 mg) were added to a Teflon-capped 8.0 mL vial with a stir bar. The vial was 
heated to 100 ℃ for 24 h while being left open to the air. The resulting mixture was cooled to ambient 
temperature and then filtered to remove the catalyst using CH2Cl2. The filtrate was collected, the CH2Cl2 
was evaporated, and the crude mixture was purified using column chromatography (silica gel, ethyl 
acetate : n-hexane, 1:9 v/v as eluent) to afford the desired product in 63% yield. Spectroscopic and 
analytical data were in accord with literature values. 1H NMR (400 MHz, CDCl3):  7.23-7.19 (t, 2H), 
 7.13-7.11 (d, 2H),  7.06-7.00 (d, 2H),  6.98-6.96 (t, 2H),  6.79-6.78 (d, 2H),  6.65 (s, 1H),  5.19 
(s, 1H),  3.84 (s, 3H),  3.75 (s, 3H). LR-MS (APCI): Calcd. For C21H18O3 [M-H]+: 317.12; Found: 
317.33. 
 
Microwave-promoted etherification procedure  
 
A Teflon-capped 10.0 mL microwave vial was charged with 100.0 mg of benzyl alcohol, 10 
wt% of AO, and a stir bar. The vial was then microwaved at 150 ℃ for 5-30 min. To monitor the extent 
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of etherification, aliquots were periodically removed and analyzed by NMR spectroscopy against an 
external standard (18-crown-6). Conversions were determined by integrating protons attributed to the 
external standard ( 3.69 ppm; s, 24H) versus the benzylic protons of benzyl alcohol ( 4.70 ppm; s, 
2H) and benzyl ether ( 4.57 ppm; s, 4H). 
 
Microwave-promoted Fischer indole synthesis procedure  
 
Phenylhydrazine (129.8 mg, 1.2 mmol), cyclohexanone (98.2 mg, 1.0 mmol), AO (100.0 mg), 
and water (2.0 mL) were added to a Teflon-capped 10.0 mL microwave vial with a stir bar. The vial was 
then microwaved at 150 ℃ for 1 h. The resulting mixture was cooled to ambient temperature and then 
filtered to remove the catalyst. After the filtrate was extracted with water and CH2Cl2, the organic phase 
was dried over MgSO4 and then purified using column chromatography (ethyl acetate : n-hexane, 1:9 
v/v as eluent) to afford the desired product in 62% yield. Spectroscopic and analytical data were in 
accord with literature values.98 1H NMR (400 MHz, CDCl3):  7.64 (s, 1H),  7.46-7.44 (d, 1H),  7.29-




 All Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Ascend 400 MHz 
spectrometer at ambient temperature (22.0(±1.0) ℃, unless otherwise noted). Chemical shifts are 
reported in parts per million (). All NMR spectra were recorded in CDCl3, and the residual solvent was 
referenced to 7.26 ppm. The following abbreviations used for the description of the spectra are s, singlet; 
d, doublet; t, triplet; q, quartet; m, multiplet; br, broad. 
  
Fourier-transform infrared spectroscopy (FT-IR) were recorded using KBr pellets on a Perkin-
Elmer Frontier MIR spectrometer 
 
 Elemental analyses were performed using a Thermo Scientific Flash 2000 Organic Elemental 
Analyzer calibrated with 2,5-bis(5-tert-butyl-benzoxazol-2-yl)thiophene (BBOT). 
 
 X-ray photoelectron spectroscopy (XPS) data were recorded over a spot size of 500 m using 
an Escalab 250Xi (Thermo Fischer Scientific, Waltham, MA, USA) equipped with a monochromated 
aluminum K source (1486.6 eV). All measurements were recorded at an angle normal to the surface 
using charge compensation via a combined ion/flood fun operating at a current of 50 A and as ion 
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voltage of 2 V. Survey spectra were taken at pass energy of 100 eV (10 scans). Calibration of the spectra 
was conducted by initially recording the gold 4f7/2 spectrum of a gold foil. The peak position of the gold 
4f7/2 spectrum was then shifted value was applied to all subsequent spectra. 
 
 Polystyrene equivalent molecular weights and polydispersity index (Ð ) values were measured 
by gel permeation chromatography (GPC) using a Malvern GPCmax Solvent/Sample module. All 
samples were analyzed using tetrahydrofuran as the eluent at a flow rate of 0.8 mL/min. Detection was 
performed using a Viscotek VE3580 RI Detector. 
 
 Mass spectrometry (MS) data were recorded on a Thermo LCQ Fleet Quadrupole Ion Trap 
Mass Spectrometer in Atmospheric Pressure Chemical Ionization (APCI) mode (electrospray voltage 
was 3.5 kV). 
 
 Atomic absorption spectroscopy (AAS) measurements were recorded on an Analytik Jena 
contraAA 800 D. 
 
 Inductively coupled plasma optical emission spectroscopy (ICP-OES) measurements were 




Portions of this chapter were recreated by referring to the reported literature99 with permission 
from Hyosic Jung and Christopher W. Bielawski; Asphaltene oxide promotes a broad range of synthetic 
transformation, Communications Chemistry, 2019, 2, 113. 
 
The overall design of catalyst and synthesis studies were performed with kind support with 
Professor Christopher W. Bielawski. Special thanks to Dr. Stanfield. Y. Lee for his assistance with XPS 
measurement, Mr. Geon-Hui Park for his assistance with MS data, and Dr. Songsu Kang for his 








Chapter 3: Promoting Variety Synthetic Transformations using Soluble 






As we described previous chapter 2, since transition metal-based catalysts have been pointed 
out practical drawbacks such as finite resources, increasing costs, and high toxicity, other alternatives 
have been designed and widely studied to synthesize organic and inorganic compounds. Among these, 
carbocatalysts have been in the limelight for utilization in diverse synthetic transformations70, 80, 100. For 
example, since the selective oxidation of benzyl alcohol was first introduced under graphene oxide (GO) 
as a catalyst, GO has been utilized in lots of synthetic chemistry39, including aldol coupling reactions75, 
the oxidation of thiols and sulfides101, C-H activations/coupling reactions72-74, 102, aza-Michael 
additions103, and others76. Moreover, GO was found to promote the polymerization of different 
monomers through dehydration51 or cationic mechanisms52. Recently, our group successfully 
synthesized a new class of carbocatalyst from asphaltene precursor, and this asphaltene oxide (AO)99, 
synthesized by modified Hummers’ method, was shown to afford practical catalytic activities under 
diverse conditions. Indeed, etherifications, condensations, C-C cross-couplings, and hetero-cyclizations 
were successfully accelerated by AO as an acid catalyst. Furthermore, AO was demonstrated to facilitate 
microwave chemistry, where former oxidized carbons were inaccessible93. 
 
Despite these substantiations of utilizations, GO and AO are accompanied by fundamental and 
practical limitations. Oxidized carbons, including AO and GO, was generally known to perform a 
heterogeneous catalyst system104. Even though heterogeneity has an advantage of purifications, the 
catalytically-active sites may undergo deactivations due to its heterogeneous nature, and, as such, 
catalyst capability may be inherently limited. Highly oxidized GO105, 106 has been reported to increase 
performance and material quality to overcome these limitations, but wholly soluble derivatives have 
remained undiscovered. 
 
We assumed that asphaltene might be converted to homogeneous carbocatalyst by improving 
the oxidation degree based on these results. An early report inspired our speculation that exposing 
asphaltene to 70% nitric acid at a high temperature would help remove it from crude oil due to enhanced 
solubility67. Although this procedure was used for oil refinery applications, we hypothesized that the 
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soluble products function as homogeneous carbocatalysts. Furthermore, the improved solubility was 
expected to promote catalytic function and provide higher activity than heterogeneous counterparts. 
This chapter described the synthesis and characterization of soluble asphaltene oxide (sAO) and 
explained the effectiveness of these substances in promoting synthetic conversion, including relatively 
complex compounds such as multicomponent reactions and cationic polymerization. 
 
3.2 Result and Discussion 
 
Asphaltene was first washed with n-heptane to get rid of residual oil contaminants, and a 
modified version of the previously reported oxidation method was applied67. Asphaltene was heated to 
reflux in 60% nitric acid for 24 hours at 120 ℃. After then, the solution was diluted acid concentration 
with deionized water. The diluted solution was filtered to eliminate insoluble fine particles, and the 
collecting filtrate was concentrated by heating to 100 ℃ under reduced pressure. The remaining 
particles were dried under reduced pressure in a vacuum oven at 50 ℃ for 48 h. As shown in Figure 
3.1, the products obtained from this procedure were a brown powder and found to be a soluble in 
methanol (up to 200 mg/mL), ethanol (140 mg/mL), THF (200 mg/mL), DMSO (80 mg/mL), DMF (80 
mg/mL) acetone (200 mg/mL), and water (100 mg/mL). Compared to asphaltene oxide (AO) 
synthesized by using a modified Hummers' method (condition: KMnO4, H2SO4, and H2O2), sAO has a 
relatively high oxygen content (13.1 wt%, C/O ratio ~ 6.67 vs. 42.0 wt%, C/O ratio ~ 1.23, respectively; 
see Table 3.1). FT-IR spectra recorded for materials were similar to those recorded for AO (see Figure 
3.2) with strong and wide hydroxyl signals (O-H = 3500-2800 cm-1) and strong carbonyl signals (C=O 
= 1720 cm-1) and epoxide signals (C-O = 1240 cm-1 and 1050 cm-1). The pH of sAO solution in water 
(1.0 mg/mL) was measured at 2.7, and, for comparison, the pH of an AO suspension was measured at 
3.5 under similar conditions. 
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Figure 3.1 photograph of sAO dissolved in various solvents. The concentrations of sAO are as 
follows: methanol, 200 mg/mL; ethanol, 140 mg/mL; THF, 200 mg/mL; DMSO, 80 mg/mL; DMF, 80 
mg/mL; acetone, 200 mg/mL; and water, 100 mg/mL. 
 
 
Figure 3.2 FT-IR spectra recorded for asphaltene (blue line), asphaltene oxide (red line), and sAO 
(black line). 
 






















Table 3.1 Elemental analysis data recorded for asphaltene, AO and sAO 
 
 
Figure 3.3 Chemical tests that were used to quantify the functional groups displayed on sAO. The 
starting material shown in the center represents a truncated form sAO and features pendant carboxylic 
acid, hydroxy, and epoxide groups. By using the reagents shown, the carboxylic acid groups were 
converted to esters, the hydroxyl groups were converted to carbamates, and epoxide groups were ring-
opened. In all cases, the corresponding products feature nitrile groups (CN) that could be quantified 













Asphaltene 81.0 7.9 0.7 6.6 1.4 C1H1.17S0.03O0.01 
AO 64.5 6.6 0.6 11.1 13.1 C1H1.23S0.06O0.15 
sAO 38.7 4.3 3.3 6.1 42.0 C1H1.33N0.07S0.06O0.81 
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As summarized in figure 3.3, a series of chemical tests were arranged to clarify the structure 
of sAO and quantify oxygen-containing functional groups decorated with materials. A reagent used for 
chemical tests was designed to react preferentially with carboxylic acid, hydroxyl, or epoxide group 
and contained nitrogen to facilitate characterization by FT-IR spectroscopy and elemental analysis (see 
Figure B.3.1 and Table C.3.1). In the treatment of sAO with 3-cyanobenzyl alcohol under Steglich 
esterification conditions83, a remarkable nitrile signal (C≡N = 2230 cm-1) appeared, and esters were 
provided as to be partially determined by changes in the bathochromic shift in the C=O signal (from 
1720 cm-1 to 1630 cm-1). As 3-cyanophenyl isocyanate introduced to sAO, the strength of the signal 
assigned to the hydroxyl group decreased (O-H = 3320 cm-1) and strong signals assigned to nitrile (C≡N 
= 2230cm-1), amido (N-H = 3090 cm-1), and carbamyl (C=O = 1590 cm-1) were appeared. Finally, the 
methodology previously reported to form a C-C bond by ring-opening of epoxide groups in GO84, sAO 
was used to treat the bond as a malononitrile under basic conditions. A signal (C-O = 1230 cm-1) caused 
by an epoxide group disappeared in a starting substance, and a new nitrile group was formed at 2180 
cm-1. Elemental analysis of the reaction enables the quantification of each nitrogen content, and 
calculations resulted in a carboxylic acid (5.1  10-3 mol/g), hydroxyl (5.6  10-3 mol/g), and epoxide 
(7.5  10-3 mol/g). It had been measured that the concentrations of these groups were significantly 
higher than those measured for AO and GO (see Table C.3.2), which could streamline the relatively 
high solubility and catalytic activity (vide infra) indicated by sAO. 
 
Further characterization of the material was facilitated because of the relatively high solubility 
of sAO. The 1H NMR spectrum recorded for the material showed wide signals at  8.62–7.41 ppm and 
 2.31-1.00 ppm allocated to the aromatic and alkyl chain protons, respectively (see Figure E.3.1). In 
the same way, 13C NMR signals were assigned to carbonyl carbons ( 179.0-176.9 ppm), the aromatic 
( 134.4-129.0 ppm), and the alkyl chain ( 40.4-16.1 ppm) was also recorded (see Figure E.3.2). As a 
result of matrix assistance laser desorption/ionization time of flight (MALDI-TOF) mass spectrometry, 
the molecular weight of sAO was in the range of 500-600 Da (see Figure D.3.1). By estimation, since 
the oxygen content was relatively high, the substance was revealed to aggregation in the solid-state and 









Table 3.2 A summary of esterifications that were promoted with sAO[a] 
 
Entry Carboxylic Acid Alcohol Temp. (℃) Conversion[b] (%) 
1 
 
MeOH 50 > 99 
2 
 
MeOH 50 > 99 
3 
 
MeOH 50 > 99 
4 
 
MeOH 50 > 99 
5 
 
MeOH 50 > 99 
6 
 
MeOH 50 > 99 
7 
 
EtOH 70 91 
8 
 
n-BuOH 70 96 
9 
 
IPA 85 85 
[a] Unless otherwise noted, all reactions were performed using 1.0 mmol of carboxylic acid, 1.0 mL of 
alcohol, and 50 mg of catalyst. [b] Conversion after 24 h was calculated by gas chromatography against 
a standard (anisole). IPA = isopropyl alcohol. 
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 Initial efforts to use sAO as a carbocatalyst began with esterification chemistry because sAO 
was acidic. Inorganic acids, such as hydrochloric acid, sulfuric acid, and phosphoric acid, were 
commonly used to promote such transformation, but these liquid reagents are toxic and volatiles107. By 
comparison, sAO is a relatively manageable solid powder. As summarized in Table 3.2, sAO 
successfully facilitated the condensation of various types of carboxylic acids and alcohols. 
Esterification containing carboxylic acid and methyl alcohol as a reagent and solvent quantitatively 
supplied the corresponding methyl esters, and other alcohols were converted to their respective ester in 
a yield of up to 96%. Furthermore, intramolecular esterification was explored. As shown in Figure 3.4, 
6-hydroxycaproic acid (1.0 mmol) was successfully promoted the ring-closing intramolecular 
transformation using sAO and obtained a quantitative yield of -caprolactone (conditions: 50 mg of 
sAO and [6-hydroxycaproic acid]0 = 1.0 M). 
 
 
Figure 3.4 Intramolecular condensation of 6-hydroxycaproic acid as catalyzed by sAO. 
 
Previously, we showed that asphaltene based carbocatalyst was superior to graphene analogous 
in that they could be used in microwave-assisted chemistry99. Based on these results, we focused on 
adapting sAO for microwave-assisted Fischer indole synthesis. Indole derivatives have been adopted 
for many biological and pharmaceutical applications, and the demand for these compounds continues 
to increase96. As shown in Table 3.3, sAO promotes the condensation of phenylhydrazine and 
cyclohexanone, and the expected indole product was obtained from an aqueous media. Similarly, other 
ketone substrates were also performed the expected indole synthesis, and the corresponding indoles 










Table 3.3 A summary of microwave-assisted Fischer Indole syntheses[a] 
 





100 30 30 
2 
  
100 60 60 
3 
  
100 90 62 
4 
  




100 60 26 
6 
  




100 60 45 
[a] Unless otherwise noted, all reactions were performed using 1.2 mmol of phenylhydrazine, 1.0 mmol 
of cyclohexanone, 2.0 mL of water as a solvent, and the indicated quantity of catalyst loading at 150 °C 




The characteristic of many carbocatalyst was that they could be easily recycled in the synthesis. 
Since sAO enables soluble in water, separation of the catalyst from various product mixtures can be 
conveniently extracted. The aqueous solutions dissolved catalysts were collected after Fischer indole 
synthesis and successively reused without further purification to clarify the recyclability of sAO. In 
detail, initial reagents (phenylhydrazine and cyclohexanone) were added to an aqueous catalyst solution 
([sAO]0 = 50 mg/mL) and then reacted in a microwave reactor at 150 ℃ for 1 hour. After extracting 
the resulted indole products with dichloromethane, an aqueous phase containing the catalyst was 
collected and introduced into a new batch of reagents to be performed again. By using the methodology, 
the catalyst solution was successfully and repeatedly used over multiple cycles, and condensation was 
facilitated with minimal loss of catalytic activity. For example, 52% isolated yield of indole product 
was obtained using a catalytic solution with five consecutive cycles; for comparison, 59% yield was 
obtained following the first cycle (see Table A.3.1).  
 
Considering that the catalyst activity displayed by sAO was relatively broad, we hypothesized 
that the material could also promote the multicomponent reaction (MCR). The Biginelli reactions, as a 
typical example of MCR, have been used to obtain dihydrophyrimidinone (DHPM) and other valuable 
heterocyclic products108. The DHPM derivatives are known as effective calcium channel blockers and 
have found extensive benefits for therapeutic and pharmacological applications109. As summarized in 
Table 3.4, the biginelli reaction was conducted with benzaldehyde, ethyl acetoacetate, and urea under a 
variety of catalytic loads (10-50 wt%), temperature (50-100 ℃), and reaction time (5-30 min), but the 
results were optimized when the reaction was performed in a microwave reactor at 100 ℃ for 5 min in 
yields of 75% (see Table 3.4, entry 5). For comparison, similar reactions performed in AO provided a 
33% yield under other identical conditions. Other benzaldehydes, including electron-rich or electron-
deficient functional groups, and urea/thiourea were also used to supply the expected products at good 













Table 3.4 A summary of microwave-assisted Biginelli reactions[a] 
 
Entry Cat. Loading (wt%) Temp. (℃) Time (min) Yield
[b]
 (%) 
1 10 75 5 13 
2 25 75 5 21 
3 50 75 5 53 
4 50 50 5 7 
5 50 100 5 75 
6 50 100 15 74 
7 50 100 30 75 
[a] Unless otherwise noted, all reactions were performed with benzaldehyde (1.0 mmol), ethyl 
acetoacetate (1.0 mmol), and urea (1.5 mmol) using the indicated catalyst loading. [b] Isolated yield 
after purification using column chromatography. 
 
 Finally, our efforts were directed toward the cationic polymerization to demonstrate the 
catalytic ability of sAO. Vinyl carbazole and vinyl ether were ideal monomers for such chemistry 
because nitrogen and oxygen heteroatoms effectively help stabilize the propagating carbocations. As 
summarized in Table 3.5, it has been revealed that the monomers polymerized when subjecting to sAO 
(1 wt%) in THF at -20 ℃. The resulted solution was filtered, and the reaction mixture was poured into 
methanol to promote precipitation, then filtered and isolated. A poly(n-butyl vinyl ether) was obtained 
in quantitative yield and characterized by a number average molecular weight (Mn) of 9.8 kDa and a 
polydispersity index (Ð) of 1.3 as determined by gel permeation chromatography (GPC). Similarly, the 
9-vinyl carbazole was quantitatively converted into the corresponding polymer (Mn = 11.1 kDa). 
Although the poly(N-vinyl carbazole) was shown a Ð value of 5.1, a broad PDI was often observed in 
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cationic polymerization due to the high reactivity of cation during the propagation step110. Additional 
optimization was achieved reduced distribution and reaction time while maintaining a yield (see Table 
A.3.3). For comparison, GO has also been used to promote the cationic polymerization52, but sAO has 
provided the corresponding polymers in high yields, better control the PDI, and shorter periods. 
 
Table 3.5 A summary of cationic polymerization that was performed with sAO[a] 
 







1 -O(C4H9) 3 99 9.8 1.3 
2 -Cbz 1 99 11.1 5.1 
3 -O(C6H11) 3 52 4.5 2.0 
[a] The reactions were performed by treating a solution of the monomer in THF with 1 wt% of sAO at 
-20 °C for 24 h under an atmosphere of N2. [b] Isolated yield after collection of the precipitate formed 
upon pouring the reaction mixture into excess methanol. [c] The number-average molecular weight (Mn) 
and polydispersity index (Ð) values were determined by GPC and are reported as their polystyrene 




To sum up this chapter, a novel carbocatalyst was prepared by asphaltene, which was oxidized 
under harsh conditions. As far as we know, this is the first report on water-soluble carbocatalysts that 
promote a wide range of synthetic transformations. sAO effectively facilitated esterification, 
intramolecular and intermolecular condensation, Biginelli reaction, and cationic polymerization. 
Furthermore, it was successfully used in microwave reactors. Because sAO enables to dissolve in water, 
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it had been found that it was easy to separate via extraction and recycle. Besides, due to the ability to 
form the homogeneous phases, sAO exhibited higher catalytic activity than heterogeneous counterparts 
(e.g., GO or AO). From a broader perspective, asphaltene based catalysts are expected to expand the 
realization of metal-free catalysts to promote synthetic reactions under heterogeneous and 
homogeneous conditions, potentially leading to further improvements in catalytic activity and 
selectively. 
 
3.4 Experimental Section 
 
Chemicals and Materials 
 
All reagents were purchased from Sigma Aldrich Inc., Alfa-Aesar, Tokyo Chemical Inc., or 
Acros Organics and used as received. Asphaltene (blown asphalt 5-10) was kindly supplied by Korea 
Petroleum. All solvents were supplied by Daejung Chemical unless otherwise noted. 
 
Unless otherwise noted, all experiments were performed under ambient conditions. All 
microwave reactions were conducted using an Anton Paar GmbH-Monowave 300 microwave reactor. 
 
The preparation of the asphaltene precursor was done following the procedures outline in 
Chapter 2.4. 
 
Preparation of soluble asphaltene oxide (sAO) 
 
 A 500.0 mL flask was charged with asphaltene (4.0 g), nitric acid (0.1L), and a stir bar. The 
mixture was heated to reflux at 120 ℃ for 24 h (CAUTION: a brown toxic gas, presumably NO2 gas, 
was generated during the reaction. It was quenched using the basic solution). Afterward, the mixture 
was slowly poured into deionized water (0.5 L). The resulting solution was filtered through a 0.22 m 
nylon membrane to remove the unreacted asphaltene particles. The filtrate was collected and distilled 
under reduced pressure (100 torrs) at 100 ℃. After removing the residual water and nitric acid via 
distillation, the remaining solid products were collected and dried under vacuum for 2 days. The final 






Identification and quantification of the carboxylic acids on sAO83 
 
A 100.0 mL Schlenk flask was charged with 50.0 mg of sAO, 10.0 mL of CH2Cl2, and a stir bar 
under an N2 atmosphere. The mixture was sonicated in a bath sonicator. After 30 min, 3-cyanobenzyl 
alcohol (200.0 mg, 1.5 mmol) and 4-(dimethylamino)pyridine (DMAP; 10.0 mg, 0.1 mmol) were added 
to the flask, and the resulting mixture was cooled to 0 ℃ in an ice bath. A separate flask was purged 
with nitrogen and then charged with N,N’-dicyclohexylcarbodiimide (DCC; 155.0 mg, 0.8 mmol), and 
5.0 mL of CH2Cl2 under a positive flow of N2. The DCC solution was injected dropwise into the flask 
containing sAO at 0 ℃. The combined mixture was reacted at 25 ℃ for 24 h. After the reaction, the 
resulting particles were filtered through a 0.22 mm nylon membrane and washed with CH2Cl2, 
deionized water, and acetone. The filtered solids were collected and then dried under reduced pressure 
for 1 day. The final product was termed ‘modified sAO-1’ (m-sAO-1) and characterized using FT-IR 
and elemental analysis. A new nitrile stretching frequency at 2230 cm-1 was observed in the FT-IR 
spectrum recorded for the product, and the carbonyl signal measured in the AO starting material (1720 
cm-1) shifted to 1630 cm-1. 
 
Identification and quantification of the hydroxyl groups on sAO 
 
50.0 mg of sAO, 10.0 mL of CH2Cl2, and a stir bar were added to a 100.0 mL round bottom 
flask. The mixture was sonicated in a bath sonicator. After 30 min, sodium acetate (123.0 mg, 1.5 mmol) 
and 3-cyanophenyl isocyanate (216.2 mg, 1.5 mmol) were subsequently added, and the resulting 
mixture was reacted at 25 ℃ for 24 h. After the reaction, the resulting particles were filtered through a 
0.22 mm nylon membrane and washed with CH2Cl2, deionized water, and acetone. The filtered solids 
were collected and then dried under reduced pressure for 1 day. The final product, termed ‘modified 
sAO-2’ (m-sAO-2), was obtained as a black powder. To confirm the product, it was taken using FT-IR 
as well as elemental analysis. The FT-IR spectrum recorded for the product appeared an attenuated 
hydroxyl stretching frequency (3320 cm-1) as well as strong absorptions that were assigned to the nitrile 
(2230 cm-1) and carbamyl (1590 cm-1) groups from the expected condensation product. 
 
Identification and quantification of the epoxide groups on sAO84 
 
A 100.0 mL Schlenk flask was purged with nitrogen and then charged with 40.0 mg of sAO, 
10.0 mL of THF, and a stir bar. The suspension was sonicated for 30 min in a bath sonicator. Sodium 
hydride (82.0 mg, 3.4 mmol), malononitrile (220.0 mg, 3.3 mmol), and 30.0 mL of THF were added to 
a separate 50.0 mL flask under an atmosphere of N2. The malononitrile solution was stirred for 10 min 
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in an ice bath. After cooling both mixtures on an ice bath, the malononitrile solution was added dropwise 
to the sAO suspension at 0 ℃. After injection, the mixture was then submerged in an oil bath (60 ℃) 
and stirred for 24 h. After the reaction, the resulting particles were filtered through a 0.22 mm nylon 
membrane and washed with CH2Cl2, deionized water, and acetone. The filtered solids were collected 
and then dried under reduced pressure for 1 day. The final product was termed ‘modified sAO-3’ (m-
sAO-3) and characterized using FT-IR spectroscopy and elemental analysis. The FT-IR spectrum 
recorded for the product revealed a signal assigned to a nitrile group (2180 cm-1). Besides, when 
compared to the spectrum recorded for the sAO starting material, the intensity of the signal assigned to 
the epoxide groups (1230 cm-1) relatively decreased upon inspection of the spectrum recorded for the 
product. 
 
General esterification procedure  
 
A Teflon-lined 8.0 mL vial was charged with 1.0 mmol of a carboxylic acid, 1.0 mL of alcohol 
to serve both as a reagent and solvent, sAO (50.0 mg), and a stir bar. The vial was capped under an 
ambient atmosphere with Teflon tape. The vial was heated to a predetermined temperature (50-85 ℃) 
for 24 h. After colling to ambient temperature, anisole (1.0 mmol), which was used as an external 
standard, was added to the resulting mixture. Aliquots were periodically collected and analyzed by GC 
and GC-MS to calculate the conversion of the reaction. The final products were not isolated. 
 
Representative Fischer indole synthesis procedure 
 
Phenylhydrazine (129.8 mg, 1.2 mmol), cyclohexanone (98.2 mg, 1.0 mmol), sAO (100.0 mg), 
and water (2.0 mL) were added to a Teflon-capped 10.0 mL microwave vial with a stir bar. The vial was 
then microwaved at 150 ℃ for 1 h. The resulting mixture was cooled to room temperature, and the 
product was extracted with CH2Cl2 and water. The organic phase was collected and dried over MgSO4. 
The crude product was purified using column chromatography (silica gel, ethyl acetate : n-hexane, 1:9 
v/v as eluent) to afford the desired product. Spectroscopic and analytical data were in accord with 
literature values98. 1H NMR (400 MHz, CDCl3):  7.64 (s, 1H), 7.46-7.44 (d, 1H), 7.29-7.27 (d, 1H), 
7.14-7.07 (m, 2H), 2.74-2.70 (m, 4H), 1.91-1.87 (m, 4H). 
 
Representative Biginelli reaction procedure 
 
A Teflon capped 10.0 mL microwave vial was charged with benzaldehyde (1.0 mmol), ethyl 
acetoacetate (1.0 mmol), urea (1.5 mmol), sAO (50.0 mg), and a stir bar. The vial was then microwaved 
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at 100 ℃ for 5 min. The resulting mixture was cooled to room temperature and then extracted with 
ethyl acetate and water. The organic phase was collected and dried over MgSO4. The crude product was 
purified using column chromatography (silica gel, ethyl acetate : n-hexane, 3:7 v/v as eluent). 
Spectroscopic and analytical data were in accord with literature values111-113. 1H NMR (400 MHz, 
DMSO-d6):  9.18 (s, 1H), 7.72 (s, 1H), 7.33-7.22 (m, 5H), 5.13-5.12 (d, 1H), 3.99-3.94 (q, 2H), 2.24 
(s, 3H), 1.09-1.02 (t, 3H). 
 
General cationic polymerization procedure 
 
A 20.0 mL Schlenk tube was purged with nitrogen and then charged with monomers (1.0 g), 
sAO (10.0 mg), THF (2.64 – 5.17 mL), and a stir bar at -20 °C. After stirring the reaction mixture at -
20 °C for 24 h, it was concentrated and poured into excess methanol. The precipitated solid was 
collected, dried under vacuum, and then analyzed the molecular weight and polymer structure by GPC 




All Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Ascend 400 MHz 
spectrometer at ambient temperature (22.0(±1.0) ℃, unless otherwise noted). Chemical shifts are 
reported in parts per million (). NMR spectra were collected in CDCl3, DMSO-d6, or D2O, and the 
residual solvents were referenced to 7.26, 2.50, and 4.79 ppm, respectively. The following abbreviations 
used for the description of the spectra are s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, 
broad. 
  
Fourier-transform infrared spectroscopy (FT-IR) were recorded using KBr pellets on a Perkin-
Elmer Frontier MIR spectrometer 
 
 Elemental analyses were performed using a Thermo Scientific Flash 2000 Organic Elemental 
Analyzer calibrated with 2,5-bis(5-tert-butyl-benzoxazol-2-yl)thiophene (BBOT). 
 
 Matrix-assisted Laser Desorption/Ionization (MALDI) spectra were recorded on a Bruker 
Ultraflex Ⅲ with 2,5-dihydroxybenzoic acid (DHB) as a matrix. THF solutions of sAO and DHB were 




 Polystyrene equivalent molecular weights and polydispersity index (Ð ) values were measured 
by gel permeation chromatography (GPC) using a Malvern GPCmax Solvent/Sample module. All 
samples were analyzed using tetrahydrofuran as the eluent at a flow rate of 0.8 mL/min. Detection was 
performed using a Viscotek VE3580 RI Detector. 
 
 Mass spectrometry (MS) data were recorded on a Thermo LCQ Fleet Quadrupole Ion Trap 
Mass Spectrometer in Atmospheric Pressure Chemical Ionization (APCI) mode (electrospray voltage 
was 3.5 kV). 
 
 Atomic force microscopy measurements were performed using a multimode 8 Nanoscope® V 
(Bruker). Samples were prepared by dissolving in THF (1.0 mg/mL) and spin-coating onto a silica wafer 




Portions of this chapter were recreated by referring to the reported literature117 with permission 
from Hyosic Jung and Christopher W. Bielawski; Soluble asphaltene oxide: a homogeneous 
carbocatalyst that promotes synthetic transformation, RSC Adv, 2020, 10, 15598-15603. 
 
The overall design of catalyst and synthesis studies were performed with kind support with 
Professor Christopher W. Bielawski. Special thanks to Eun-Jung Han for her assistance with MALDI 
spectrum, Mr. Geon-Hui Park for his assistance with MS data, and Dr. Songsu Kang for his assistance 
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there have been many happy and hard times. Let us walk together, relying on each other like we are 





 지난 제 모든 인생에서 부모님의 따뜻한 사랑과 지원이 없었다면 아마 저는 지금 이 
자리에 서 있을 수도 없었을 거예요. 제가 무엇을 하든 묵묵히 믿고 끊임없이 지원을 아끼지 
않으셨던 부모님의 희생 덕분에 제가 화학 분야에서 박사라는 결과를 얻게 되었습니다. 기쁠 
때는 저보다도 더욱 기뻐해 주시고 슬플 때나 힘들 때는 뒤에서 묵묵히 받아 주시고 포기하지 
않게 다시 한번 일어날 힘을 주시던 우리 부모님. 항상 고마운 마음을 가지고 있으면서도 표현을 
잘 못 한다는 핑계로 단 한 번도 제 마음을 제대로 전달해 본 적이 없는 거 같아요. 정말 이 
글을 빌어서 너무 감사드리고 이젠 제가 떳떳이 사회로 나가서 부모님을 기쁘게 그리고 꽃길만 
걷게 해드릴 게요. 엄마 아빠 사랑합니다. 
 
아들 정효식 올림. 
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3 0 10 0 17 0 24 
6 0 17 0 29 0 41 
12 0 24 0 39 2 52 
120 
3 0 41 0 60 1 68 
6 0 49 0 69 1 75 
12 0 59 0 78 3 60 
150 
3 6 61 9 82 7 73 
6 10 64 11 75 9 44 
12 12 64 15 78 13 19 
[a] All reactions were performed under the following conditions: benzyl alcohol as substrate (neat), 5–
20 wt% of AO (indicated), 100-150 ℃ (indicated), 3-12 h (indicated). The conversion of benzyl alcohol 














Table A.2.2 Summary of etherification reactions[a] 
 
Entry R 
1H NMR Chemical Shift of the 
Respective Benzylic Protons () 
Conversion[b] 
(%) 
1 H 4.59 82 
2 OMe -- - 
3[c] NO
2
 4.72 26 
4[c] Cl 4.51 56 
5[d] Me 4.50 70 
[a] Unless otherwise noted, the reactions were performed under the following conditions: benzyl alcohol 
or derivative (neat), 10 wt% catalyst, 150 ℃, 3 h. [b] Conversion to the corresponding benzyl ether was 
calculated by 1H NMR spectroscopy against an external standard (18-crown-6). [c] Reaction was 












Table A.2.3 Assessment of the recyclability of AO[a] 
 
Entry Conversion[b] (%) Recovered Catalyst (%) 
1st cycle 80 > 99 
2nd cycle 82 86 
3rd cycle 75 97 
4th cycle 68 94 
5th cycle 70 > 99 
[a] The reactions were performed under the following conditions: benzyl alcohol (neat), 10 wt% catalyst, 















Table A.2.4 Summary of polymerizations that were performed with AO[a] 
 
[a] The reactions were performed by treating 0.5 g of benzyl alcohol or a derivative with 5.0  10-2 g 
(10 wt%) of AO at 200 ℃ for 24 h. [b] The products were isolated by filtration after precipitation from 
MeOH. [c] The number-average molecular weight (Mn) and polydispersity index (Ð ) were determined 


















Entry R Yield[b] (%) Mn[c] (Da) Ð  [c] 
1 H 66 733 3.2 
2 3-OMe 60 973 2.1 
3 4-OMe 53 1148 1.8 
70 
 
Table A.2.5 Hydration of phenylacetylene with AO[a] 
 
Entry Loading (wt%) Yield[b] (%) 
1 200 86 
2 100 65 
3 50 27 
4 10 5 
[a] All reactions were performed under the following conditions: phenylacetylene (50.0 mg, 0.5 mmol), 
10–200 wt% catalyst, 100 ℃, and 24 h [b] Conversion to acetophenone was calculated by 1H NMR 
















Table A.2.6 Summary of comparative cross-coupling reactions[a] 
 
Entry 
TsOHH2O   ( 
10-2 mmol) 
Catalyst              (total 
wt / oxygen wt) 
Yield[b] (%) 
1 1.0 AO (20.0 mg / 2.6 mg) 63 
2[d] 1.0 GO (6.2 mg / 2.6 mg) 27 
3[c] -- AO (20.0 mg / 2.6 mg) 40 
4[c][d] -- GO (6.2 mg / 2.6 mg) 16 
[a] Unless otherwise noted, all reactions were performed with xanthene (0.5 mmol), veratrole (1.0 
mmol), AO or GO as a catalyst (20.0 mg), and TsOHH2O (1.0  10-2 mmol) as a co-catalyst at 100 ℃ 
for 24 h. [b] All products were purified using column chromatography. [c] Reaction was performed 















Table A.2.7 Summary of optimization reactions that were performed in a microwave reactor[a] 
 
Entry Temperature (℃) Time (min) Conversion[b] (%) 
1 150 5 65 
2 150 15 90 
3 150 30 88 
4 125 15 54 
5 175 15 51 
[a] All reactions were performed in a microwave reactor using the following conditions: benzyl alcohol 
(neat), 10 wt% AO, 125–175 ℃ (indicated), 5-30 min (indicated). [b] Conversion to the benzyl ether 
















Table A.2.8 Summary of microwave enhanced condensation reactions[a] 
 
[a] All reactions were performed in a microwave reactor using the following conditions: benzyl alcohol 
derivative (neat), 10 wt% AO, 50-150 ℃ (indicated), 10-60 min (indicated). [b] Conversion to the 












Temp (℃) Time (min) Benzylic Protons Peak 
in NMR () 
Conversion[b] 
(%) 
1 H 150 10 4.59 90 
2 OMe 50 60 4.46 80 
3 NO
2
 150 60 4.72 32 
4 Cl 150 30 4.51 81 
5 Me 100 30 4.50 84 
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Table A.2.9 Assessment of the recyclability of AO under microwave reactions[a] 
 
Cycle Conversion[b] (%) Oxygen[c] (wt%) Recovery (%) 
Starting Material -- 13.1 -- 
1 86 9.3 99 
2 78 7.0 97 
3 76 6.4 99 
4 74 4.5 94 
5 59 4.2 94 
[a] All reactions were performed in a microwave reactor using the following conditions: benzyl alcohol 
as a substrate (neat), 10 wt% catalyst, 150 ℃, 15 min. [b] Conversion of benzyl alcohol to benzyl ether 
was calculated using 1H NMR spectroscopy against an external standard (18-crown-6). [c] The weight 


















1st cycle 59 
2nd cycle 53 
3rd cycle 57 
4th cycle 53 
5th cycle 52 
[a] All reactions were performed using phenylhydrazine (1.2 mmol), cyclohexanone (1.0 mmol), sAO 
(100 mg), and water (2.0 mL) at 150 ℃ for 1 h in a microwave reactor. [b] Isolated yield after 

















Table A.3.2 A summary of the scope of substrates that was explored for the Biginelli reactions described 




Entry R X Time (min) Yield
[b]
 (%) 
1 H O 5 75 
2 OMe O 5 72 
3 NO2 O 5 69 
4 H S 10 61 
5 OMe S 10 69 
6
[c]
 NO2 S 10 64 
[a] All reactions were performed with aldehydes (1.0 mmol), ethyl acetoacetate (1.0 mmol), and urea 
(1.5 mmol) using sAO (50.0 mg) at 100 °C in a microwave reactor. [b] Isolated yield after purification 
using column chromatography. [c] The reaction was performed with aldehyde (1.0 mmol), ethyl 











Table A.3.3 Optimization of the polymerization of N-vinylcarbazole[a] 
 







1 24 99 11.1 5.1 
2 4 99 9.5 5.0 
3 2 96 9.1 4.1 
4 1 96 8.8 4.4 
5 0.167 (10 min) 94 9.0 4.3 
[a] The reactions were performed by treating a solution of N-vinylcarbazole in THF (1 mol/L) with 1 
wt% of sAO at -20 °C under an atmosphere of N2. [b] Isolated yield after collection of the precipitate 
formed upon pouring the reaction mixture into excess methanol. [c] The number-average molecular 
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Table B.2.1 FT-IR spectra recorded for (a) AO, (b) mAO-1 as prepared by treating AO with 3-
cyanobenzyl alcohol under Steglich esterification conditions, (c) mAO-2 as prepared by treating AO 






Table B.2.2 FT-IR spectra recorded for (a) GO, (b) mGO-1 as prepared by treating GO with 3-
cyanobenzyl alcohol under Steglich esterification conditions, (c) mGO-2 as prepared by treating GO 










Table B.2.3 FT-IR spectra recorded for AO as a starting material and after being recovered from a series 
















Table B.3.1 FT-IR spectra recorded for (a) sAO, (b) m-sAO-1 as prepared by treating sAO with 3-
cyanobenzyl alcohol under Steglich esterification conditions, (c) m-sAO-2 as prepared by treating sAO 
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Asphaltene 81.0 7.9 0.7 6.6 1.4 C1.00H1.17S0.03O0.01 
Asphaltene 
Oxide (AO) 



















AO 64.5 6.6 0.6 11.1 13.1 C1.00H1.23S0.06O0.15 
mAO-1 69.4 6.4 3.8 6.1 9.2 C1.00H1.14N0.05S0.03O0.09 
mAO-2 67.7 5.8 4.5 6.7 8.9 C1.00H1.02N0.05S0.03O0.10 






















GO 49.1 2.1 0.0 1.2 42.5 C1.00H0.52S0.01O0.65 
mGO-1 52.9 2.6 0.5 0.4 36.4 C1.00H0.59N0.008S0.003O0.52 
mGO-2 48.8 2.3 0.3 0.5 36.8 C1.00H0.57N0.005S0.004O0.57 





Table C.2.4 Elemental analysis data recorded for AO as a starting material and after being isolated from 













AO 64.5 6.6 0.6 11.1 13.1 C1.00H1.23S0.06O0.15 
1 73.1 6.4 0.4 7.0 8.5 C1.00H1.05S0.036O0.09 
2 70.2 6.2 0.4 7.3 9.9 C1.00H1.05S0.039O0.10 
3 73.6 6.3 0.4 6.8 8.1 C1.00H1.02S0.034O0.08 
4 74.4 6.3 0.4 6.5 8.5 C1.00H1.01S0.033O0.08 




















AO 40.1 4.4 3.1 6.6 39.5 C1.00H1.30N0.07S0.06O0.73 
m-sAO-1 68.1 6.8 10.3 0 11.7 C1.00H1.20N0.13O0.13 
m-sAO-2 66.3 4.4 18.8 0 7.5 C1.00H0.80N0.24O0.08 






Table C.3.2 Summary of functional group quantification data recorded for sAO, AO, and GO. The 
calculations were based on the elemental analysis data (see Figure B.2.2, Figure B.2.3, and Figure B.3.1). 
Functional Group sAO (mol/g) AO (mol/g) GO (mol/g) 
COOH > 5.1  10-3 > 2.3  10-3 > 3.6  10-4 
OH > 5.6  10-3 > 1.4  10-3 > 1.1  10-4 
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Table D.3.2 AFM images recorded for sAO on silica. Conditions used to create films: 1 mg/mL in THF; 
spinning rate = 3000 rpm for 1 min. Images were collected in the tapping mode using non-contact tips 
with a spring constant of 6 N m-1 and tip radii of ≤ 8 nm (Bruker RTESP-150).
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Figure E.3.1 1H NMR (400 MHz, D2O) spectrum recorded for soluble asphaltene oxide (sAO). 





































































































































Figure E.3.28 13C NMR (400 MHz, CDCl3) spectrum recorded for Table 3.5, Entry 3. 
